Odds ratios for head and neck cancer increase with greater cigarette and alcohol use and lower body mass index (BMI; weight (kg)/height 2 (m 2 )). Using data from the International Head and Neck Cancer Epidemiology Consortium, the authors conducted a formal analysis of BMI as a modifier of smoking-and alcohol-related effects. Analysis of never and current smokers included 6,333 cases, while analysis of never drinkers and consumers of 10 drinks/ day included 8,452 cases. There were 8,000 or more controls, depending on the analysis. Odds ratios for all sites increased with lower BMI, greater smoking, and greater drinking. In polytomous regression, odds ratios for BMI (P ¼ 0.65), smoking (P ¼ 0.52), and drinking (P ¼ 0.73) were homogeneous for oral cavity and pharyngeal cancers. Odds ratios for BMI and drinking were greater for oral cavity/pharyngeal cancer (P < 0.01), while smoking odds ratios were greater for laryngeal cancer (P < 0.01). Lower BMI enhanced smoking-and drinking-related odds ratios for oral cavity/pharyngeal cancer (P < 0.01), while BMI did not modify smoking and drinking odds ratios for laryngeal cancer. The increased odds ratios for all sites with low BMI may suggest related carcinogenic mechanisms; however, BMI modification of smoking and drinking odds ratios for cancer of the oral cavity/pharynx but not larynx cancer suggests additional factors specific to oral cavity/pharynx cancer. alcohol drinking; body mass index; laryngeal neoplasms; models, statistical; mouth neoplasms; odds ratio; pharyngeal neoplasms; smoking Abbreviations: BMI, body mass index; EOR, excess odds ratio; INHANCE, International Head and Neck Cancer Epidemiology; OR, odds ratio.
report, we further explore BMI-related associations in those data using models that characterize odds ratios by total exposure (pack-years of smoking and drink-years of alcohol consumption) and delivery rate (number of cigarettes smoked per day (cigarettes/day) for fixed pack-years and number of alcoholic drinks consumed per day (drinks/day) for fixed drink-years)-that is, increasing exposure rate and decreasing duration for a fixed total exposure. We consider 2 issues: 1) site-specific differences in odds ratios for cancers of the larynx, oral cavity, and pharynx by BMI, smoking, and drinking; and 2) the influence of BMI on site-specific odds ratios by smoking and alcohol consumption (i.e., whether BMI modifies the smoking and alcohol consumption associations). Our analysis represents a formal evaluation of BMI as an effect modifier of the smoking and drinking associations, particularly whether variations with BMI derive from total exposure (pack-years or drink-years), exposure rate (cigarettes/day or drinks/day), or both.
MATERIALS AND METHODS

Study data
We used pooled data from the International Head and Neck Cancer Epidemiology (INHANCE) Consortium (http://inhance.iarc.fr/), a consortium of molecular epidemiologic studies of head and neck cancer (10, 14, 15) . The analyses included 15 case-control studies (see Table 1 in Hashibe et al. (14) ), omitting a French study (16) used in the analysis by Gaudet et al. (10) because it did not enroll never smokers and an Iowa study (17) because it did not collect data on BMI, but adding the INHANCE US Multicenter Study (18) .
Cases included invasive tumors classified as cancers of the oral cavity, oropharynx, hypopharynx, oral cavity or pharynx, not otherwise specified, or larynx or head and neck cancer, unspecified. We excluded cancers of the salivary gland. In their paper, Hashibe et al. (14) provide additional information on disease classification.
For analyses of BMI and smoking, we restricted data to never and current smokers of cigarettes only, to eliminate complications arising from inclusion of former smokers and users of other tobacco products. We conducted a subgroup analysis of never smokers and smokers of !10 cigarettes/ day, since previous analyses indicated that light smokers could distort models because of increased variability from a limited range of pack-years. For analyses of BMI and alcohol consumption, we analyzed never drinkers and consumers of 10 drinks/day (95.8% of all controls) and never drinkers and consumers of 5 drinks/day (86.9% of all controls), since the small percentage of heavy drinkers contributed to unstable parameter estimates and since use of these cutpoints resulted in more parsimonious models.
Although it was self-reported, BMI information differed across studies. The majority of the studies (Milan (Italy), Aviano (Italy), Italy Multicenter, Switzerland, New York (New York), Tampa (Florida), Los Angeles (California), Houston (Texas), Boston (Massachusetts), US Multicenter, Puerto Rico, Latin America, and International Multicenter) ascertained BMI at enrollment, while other studies (Central Europe, New York, Seattle (Washington), Boston, Latin America, and International Multicenter) sought data on BMI for 2-5 years prior to enrollment. In the 4 studies (New York, Latin America, Boston, and International Multicenter) with both types of BMI data, the Pearson correlation coefficient for BMI at enrollment and BMI 2-5 years prior was 0.88. Since odds ratio patterns were similar for BMI at enrollment and BMI 2-5 years prior, we minimized missing data by using BMI at enrollment if available but BMI 2-5 years prior if the former was missing.
Statistical models
We fitted linear-exponential models for the excess odds ratio (EOR) for cancers of the oral cavity, pharynx, and larynx in total pack-years and cigarettes/day and in total drink-years and drinks/day as described previously (19) . This approach disassembled the relation between outcome and total exposure (pack-years or drink-years) and delivery rate-that is, increasing exposure rate (cigarettes/day or drinks/day) and decreasing exposure duration (smoking or drinking) at a fixed total exposure. The approach contrasts with typical models that include exposure duration and exposure rate, where interpretation is problematic, since odds ratios by exposure rate with duration held constant necessarily embed the impact of increasing total exposure (15, 19) .
We computed odds ratios relative to never smokers for a cross-classification of pack-years and cigarettes/day and observed that odds ratios by pack-years increased approximately linearly within each category of cigarettes/day (15) . For continuous pack-years d, odds ratios (ORs) conformed to a linear relation-OR(d) ¼ 1 þ c i d-within each category (i ¼ 1, . . ., I) of cigarettes/day. Each c i represented the EOR/pack-year, that is, the strength of the association. The set of parameters c 1 , . . ., c I characterized the pack-years associations and variations by cigarettes/day. For continuous cigarettes/day x, we fitted the model
where b represents the EOR/pack-year at g(x) ¼ 1 and g(.) describes the variation of the EOR/pack-year with cigarettes/day, that is, the influence of delivery rate (19) . While several forms for g(.) fitted adequately, we used g(x) ¼ exp{u 1 ln(x) þ u 2 ln(x) 2 } for consistency with previous analyses.
We extended model 1 (equation 1) to evaluate effect modification by BMI level as
where distinct b f parameters and g f (.) functions (i.e., u 1f and u 2f ) replace b and g(.), and where d f equals d and x f equals x within level f and zero otherwise. In this way, we assessed whether effect modification resulted from total exposure (different b's), exposure rate (different g(.) functions), or both. For alcohol consumption, we found approximately linear increases in the odds ratios for drink-years within categories ). e Never drinkers and consumers of 10 drinks/day. ORs were additionally adjusted for pack-years of smoking, cigarettes/day, use of other tobacco products, years since cessation of smoking, drink-years, and drinks/day. f Reference category. g Never smokers and current smokers of cigarettes only. ORs were additionally adjusted for BMI, drink-years, drinks/day, and cigarettes/day. h Never smokers and current smokers of cigarettes only. ORs were additionally adjusted for BMI, drink-years, drinks/day, and pack-years of smoking.
i Never drinkers and consumers of 10 drinks/day. ORs were additionally adjusted for BMI, pack-years of smoking, cigarettes/day, and drinks/day. j Never drinkers and consumers of 10 drinks/day. ORs were additionally adjusted for BMI, pack-years of smoking, cigarettes/day, and drink-years.
of drinks/day, with the estimated c i parameters increasing with drinks/day. Model 1 again proved satisfactory for describing odds ratios but required only u 1 . We used polytomous regression to test for homogeneity of category-specific odds ratios by BMI, smoking, and drinking across cancer sites.
Analyses were stratified on study/center (39 levels) and age (<40, 40-44, . . ., 70-74, !75 years), and results were adjusted for sex, education (none, some high school, high school graduation, technical school or some college, college graduation), and BMI (4 levels). For BMI and smoking, we additionally adjusted for drink-years (never drinking and quartiles of drink-years) and drinks/day (never drinking and <1.0, 1.0-2.9, 3.0-4.9, or !5.0 drinks/day). For BMI and alcohol consumption, we additionally adjusted for pack-years of smoking (never smoking and quartiles of pack-years) and cigarettes/ day (never smoking and <20, 20-29, 30-39, or !40 cigarettes/day) and use of other tobacco products.
We used the Epicure software package for fitting models 1 and 2 (20) and SAS, version 9.1, for polytomous regression analyses (SAS Institute, Inc., Cary, North Carolina).
RESULTS
For analyses of BMI and smoking, there were 1,872 cases of oral cavity cancer, 2,277 cases of pharynx cancer, and 1,356 cases of larynx cancer. Controls numbered 9,502 for cases of oral cavity and pharynx cancer and 6,910 for cases of larynx cancer. Four studies (New York, Seattle, Puerto Rico, and International Multicenter) did not enroll laryngeal cancers, leading to fewer controls. For analyses of BMI and alcohol consumption, there were 2,563 cases of oral cavity cancer, 3,089 cases of pharynx cancer, and 1,972 cases of larynx cancer. Controls numbered 14,794 for cases of oral cavity and pharynx cancer and 10,696 for cases of larynx cancer. As described below, we combined oral cavity and pharyngeal cancers and included 828 cases classified as cancer of the oral cavity/pharynx not otherwise specified.
Odds ratios for BMI, smoking, and drinking
For each site, odds ratios relative to normal weight (BMI 18.5-24.9) were increased in underweight categories and decreased in the overweight categories, with the lowest odds ratios generally occurring in obese categories (BMI !30) ( Table 1) .
Odds ratios by pack-years of smoking were increased for all sites, with the greatest trend being observed for laryngeal cancer (Table 1) . Odds ratios for !60 pack-years of smoking relative to never smoking were 10.1 for oral cavity cancer, 4.09 for pharynx cancer, and 21.7 for larynx cancer. After adjustment for pack-years of smoking, odds ratios by cigarettes/day relative to 1-19 cigarettes/day were increased significantly for pharyngeal and laryngeal cancers.
Odds ratios by drink-years were increased for all sites, with trends being greater for oral cavity and pharyngeal cancers. After adjustment for drink-years, odds ratios by drinks/day relative to less than 1 drink/day increased monotonically with drinks/day, suggesting that increasing number of drinks/day strengthened the drink-years association.
Although Table 1 suggested that odds ratios for oral cavity cancer, as compared with pharyngeal cancer, were greater for pack-years and drink-years but smaller for cigarettes/day and drinks/day, hypothesis tests using polytomous regression did not reject homogeneity of odds ratios for the 2 sites by BMI (P ¼ 0.65), pack-years and cigarettes/day (P ¼ 0.52), or drink-years and drinks/day (P ¼ 0.73) (data not shown). Odds ratios for cancers of the oral cavity and pharynx combined differed significantly from odds ratios for laryngeal cancer by BMI (P < 0.01), smoking (P < 0.01), and drinking (P < 0.01). For the remaining analyses, we combined oral cavity and pharyngeal cancer cases.
Modification of pack-years and cigarettes/day effects by BMI Figure 1 shows odds ratios by pack-years and by cigarettes/day within BMI categories, omitting 95% confidence intervals for clarity, to illustrate effect modification. (See Web Table 1 , which is posted on the Journal's Web site (http://aje.oxfordjournals.org/), for odds ratios.) Odds ratio trends for cancers of the oral cavity/pharynx by pack-years and by cigarettes/day were generally greater with lower BMI (Figure 1 , section A, top and bottom panels), while odds ratio trends for laryngeal cancer by pack-years and by cigarettes/day were unrelated to BMI (Figure 1 , section B, top and bottom panels).
We used model 2 (equation 2) with pack-years and cigarettes/day to evaluate effect modification by BMI, both visually ( Figure 2 and Web Table 2 ) and formally using likelihood ratio tests (Table 2) . Model 2 closely fitted the cigarettes/day category-specific EOR/pack-year estimates (c i ) (Figure 2 , square symbol). Within each BMI category, the pack-years association (i.e., the EOR/pack-year estimates) diminished with increasing delivery rate above 15 cigarettes/day-that is, for fixed pack-years, a higher number of cigarettes/day for a shorter duration was less deleterious than a lower number of cigarettes/day for a longer duration.
For oral cavity/pharyngeal cancer, EOR/pack-year estimates were higher in lower BMI categories (Table 2, P < 0.01). In smokers of !10 cigarettes/day, evaluation of effect modification of pack-years by BMI (P ¼ 0.82) and of cigarettes/day by BMI (P ¼ 0.29) revealed no preferential interaction. For laryngeal cancer, smoking associations varied significantly by BMI in the full data (P < 0.01); however, EOR/pack-year patterns exhibited no significant variation with BMI among smokers of !10 cigarettes/day ( Table 2 , P ¼ 0.08; P ¼ 0.15 for subjects with BMI !18.5). Finally, EOR/pack-year estimates were consistently greater for laryngeal cancer than for oral cavity/pharyngeal cancer, except among subjects with BMI less than 18.5, where data were limited (Figure 2 ).
Modification of drink-years and drinks/day effects by BMI
Except for BMI less than 18.5, odds ratios for oral cavity/ pharyngeal cancer by drink-years and by drinks/day within BMI categories were consistently greater at lower BMIs Table 3 for odds ratios.)
Within each BMI category, the EOR/drink-year estimates and the fitted model 2 increased with increasing number of drinks/day, indicating that the strength of the disease association by drink-years increased with increasing drinks/day (Figure 4 and Web Table 4 ). The EOR/drink-year patterns for oral cavity/pharyngeal cancer were enhanced with decreasing BMI, while the patterns for laryngeal cancer did not vary with BMI, except possibly in the lowest BMI category.
For oral cavity/pharyngeal cancer, the EOR/drink-year patterns were significantly greater in leaner subjects (Table 3 , P < 0.01). Effect modification resulted from the interaction between drink-years and BMI, while the impact of drinks/day was homogeneous across BMI. For example, with the 5 drinks/day restriction, homogeneity of the interaction between drink-years and BMI with adjustment for the interaction between drinks/day and BMI was rejected (P ¼ 0.02), while homogeneity of the interaction between drinks/day and BMI with adjustment for the interaction between drink-years and BMI was not rejected (P ¼ 0.85). For laryngeal cancer, BMI did not modify alcohol-related associations (Table 3 ; P ¼ 0.59 in subjects with BMI !18.5, and P ¼ 0.76 and P ¼ 0.92 in consumers of 5 drinks/day overall and in data restricted to subjects with BMI !18.5, respectively).
Study-specific results
Increasing odds ratios with lower BMIs were generally consistent across studies (results not shown). The 10 studies including both oral cavity/pharyngeal and laryngeal cancers and the 5 studies including oral cavity/pharyngeal cancers only generated 25 parameter estimates for ln(BMI). There were 23 negative estimates of the ln(BMI) parameter, with 16 being statistically significant, and 2 nonsignificantly positive estimates. Odds ratios with BMI were steeper for oral cavity/pharyngeal cancer than for laryngeal cancer. In studies including both case types, 9 of 10 parameter estimates for ln(BMI) were smaller for oral cavity/pharynx cancers, indicating a steeper trend in odds ratios, with 3 tests of homogeneity being rejected. ), by pack-years of cigarette smoking (relative to never smoking) and by number of cigarettes smoked per day (relative to 1-19 cigarettes/day). n, BMI <18.5; d, BMI 18.5-24.9; :, BMI 25.0-29.9; ;, BMI !30. Odds ratios were adjusted for sex, study/center, age, education, drink-years, drinks/day, BMI, and the complementary smoking factor, cigarettes/day or pack-years. Data were pooled data obtained from the International Head and Neck Cancer Epidemiology (INHANCE) Consortium and were limited to never smokers and current smokers of cigarettes only.
We evaluated study-specific interactions between smoking and BMI by adding ln(BMI) to g(.) in model 1. Among never smokers and smokers of !10 cigarettes/day and for oral cavity/pharyngeal cancer, all parameter estimates were negative, denoting an inverse association-that is, an increasing magnitude of the effect of smoking with decreasing BMI, with 8 of 15 tests being statistically significant. For laryngeal cancer, the estimated parameter for ln(BMI) was negative for 5 studies and positive for 5 studies, with all hypothesis tests being nonsignificant. Study-specific results were thus consistent with pooled results, indicating an interaction between smoking and BMI for oral cavity/pharyngeal cancer but not for laryngeal cancer.
For the study-specific interaction between drinking and BMI and for oral cavity/pharyngeal cancer, all parameter estimates for ln(BMI) were negative, and 14 of 15 tests were significant. For laryngeal cancer, 8 of 10 parameter estimates were negative, with 4 being significant. The studyspecific results were consistent with pooled results in suggesting an inverse association-that is, an increasing 
}, where d is pack-years and x is cigarettes/day. The subscript (f) denotes separate effects for levels of BMI. Results were adjusted for study/center, education, age, sex, BMI, drink-years, and drinks/day. magnitude of the effects of drinking with decreasing BMI, primarily in oral cavity/pharyngeal cases.
DISCUSSION
In previous analyses of these data (10), as well as analyses by other investigators (1-9), researchers have reported increasing odds ratios for head and neck cancer with increasing leanness. In addition, analyses have indicated homogeneity of smoking-related and alcohol-related patterns of association for oral cavity and pharyngeal cancers (9, 15) . Our analysis of 15 case-control studies extended these observations in several important ways, suggesting that: 1) trends in odds ratios with BMI, as well as smoking and drinking, were homogeneous for oral cavity and pharyngeal cancers; 2) the trend in odds ratios with lower BMI was greater for oral cavity/pharyngeal cancer than for laryngeal cancer; 3) leanness significantly enhanced smoking-and alcohol-related associations for oral cavity/pharyngeal cancer but did not modify smoking-and alcohol-related associations for laryngeal cancer; and 4) the modification of associations between alcohol and oral cavity/pharyngeal cancer by BMI was derived from differential effects of drink-years, with the relative effects of delivery rate (increasing drinks/day with decreasing duration) being homogeneous by BMI.
Precise biologic mechanisms for the association between head and neck cancers and BMI are unknown, but they may involve altered calorie absorption and utilization, increased oxidative stress (21, 22) , and increased numbers of DNA adducts (10) . Since in our analysis odds ratios increased with low BMI in never drinkers and never smokers (10), as well as after extensive adjustment for smoking and drinking, the disease-related influence of BMI appears at least partially distinct from mechanisms involving smoking and drinking. However, since lower BMI significantly enhanced smoking-and alcohol-related associations for oral cavity/ pharyngeal cancer but not for laryngeal cancer, there must be additional site-specific factors which uniquely associate BMI and oral cavity/pharyngeal cancer that explain the BMI-related enhancements. These associations may be indirect. For example, lower BMI has been associated with tooth loss (23, 24) and altered oral bacterial flora, which may lead to increased production of acetaldehyde or other ), by drink-years of alcohol consumption (relative to never drinking) and by number of drinks consumed per day (relative to 0.01-0.99 drinks/day). n, BMI <18.5; d, BMI 18.5-24.9; :, BMI 25.0-29.9; ;, BMI !30. Odds ratios were adjusted for sex, study/center, age, education, pack-years of smoking, cigarettes/day, years since smoking cessation, use of other tobacco products, BMI, and the complementary drinking factor, drinks/day or drink-years. Data were pooled data obtained from the International Head and Neck Cancer Epidemiology (INHANCE) Consortium and were limited to never drinkers and consumers of 10 drinks/day.
carcinogens, thereby enhancing exposure effects for cancer of the oral cavity/pharynx (25, 26) . However, the absence of effect modification of alcohol-related risks for laryngeal cancer by BMI may have resulted from the relatively small overall alcohol-related odds ratios for laryngeal cancer.
For oral cavity/pharyngeal cancer, modification of the effect of alcohol consumption by BMI was specific, with BMI modifying the drink-years association (different b's), while the influence of delivery rate (drinks/day) was homogeneous by BMI (i.e., similar g(.) functions). Thus, lower BMI increased the strength of the relation between oral cavity/pharyngeal cancer and drink-years, but the relative impacts of delivery rate on the relation between disease and drink-years were proportionally similar at all BMI levels. This result parallels that of our previous analysis, which found that the increased odds ratios for oral cavity/pharyngeal cancer with alcohol consumption as compared with laryngeal cancer were due to effects of drink-years, with drinks/day effects being homogeneous across cancer sites (15) .
Ethanol may enhance the permeability of cells to environmental carcinogens, notably tobacco smoke (11, 12, 27, 28) . ). c Effect modification of BMI by alcohol drinking, including: ''both,'' modification of BMI by drink-years and of BMI by drinks/day, b f d g f (x); ''drinks/day,'' modification of BMI by drinks/day, b d g f (x); ''drink-years,'' modification of BMI by drink-years, b f d g(x); and ''none,'' no effect modification, b d g(x).
d Deviance change relative to the 8-parameter model b f d g f (x) and (in parentheses) number of parameters in the EOR. e P value from a likelihood ratio test relative to b f d g f (x), which included BMI modification for drink-years and drinks/day. f Model convergence required a constrained b.
Ethanol is oxidized to acetaldehyde, a human carcinogen (group 1) (29), through the enzymatic activity of alcohol dehydrogenase and, to a lesser extent, cytochrome P-450 enzymes, including cytochrome P-450 2E1, while acetaldehyde is metabolized by aldehyde dehydrogenase to acetate (30) . Since this process occurs primarily in the liver and stomach (27, 30) , the increased odds ratios with alcohol consumption for oral cavity/pharyngeal cancer as compared with laryngeal cancer suggest that site-specific factors must play a role (13-15, 27, 31-33) . These factors may include increased production of acetaldehyde due to oral bacterial flora (28) or poor dentition, which may increase the release of proinflammatory cytokines (34) or enhance the effects of bacterial flora (25, 26) . The extent to which BMI influences ethanol metabolism directly or indirectly is unknown.
The consistency of the effects of increased BMI, smoking, and alcohol drinking on oral cavity, pharyngeal, and laryngeal cancer for underweight subjects in this analysis and other studies (1) (2) (3) (4) (5) (6) (7) (8) (9) , the similarity of results based on current BMI and results based on BMI 2-5 years prior (10) , and the differential BMI effect modification for cancers of the oral cavity/pharynx as compared with larynx cancer suggest that our results were not due to misclassification or to disease-induced weight loss. It is also unlikely that residual confounding from incomplete adjustment for smoking and/or alcohol consumption explains the effect modification patterns. In our analysis, the smoking-and alcohol-adjusted odds ratios for BMI less than 18.5 relative to a BMI of normal range (18.5-24.9) were 2.6, 2.7, and 1.7 for oral cavity, pharynx, and larynx cancers, respectively (Table 1) , which were similar to the 2.5-to 3-fold increased odds ratios for head and neck cancer observed previously among never smokers and never drinkers (10) , suggesting that our analyses substantially controlled for confounding from smoking and alcohol consumption. BMI was an independent risk factor for cancers of the oral cavity/pharynx and larynx but a modifier of smoking-and alcohol-related risk only for cancers of the oral cavity/pharynx. The complexity of these associations makes it unlikely that misclassification drove the results, since biases would have had to differ by cancer site. In addition, odds ratios for alcohol consumption were small relative to those for cigarette smoking, and thus residual confounding from drinking would be insufficient to induce the BMI effect modification of smoking effects.
In summary, odds ratios for low BMI and greater smoking and drinking were increased for all sites and were homogeneous for oral cavity and pharyngeal cancers. Associations between alcohol drinking and BMI were greater for oral cavity/pharyngeal cancer, while associations between smoking and BMI were greater for laryngeal cancer. Low BMIs significantly enhanced smoking-and alcohol-related effects, but only for oral cavity/pharyngeal cancer. The increased odds ratios for all sites with low BMI suggest related causal mechanisms, while the modification of the smoking and drinking associations by BMI for oral cavity/pharyngeal cancer but not laryngeal cancer suggests additional factors which are unique to oral cavity/pharyngeal cancer. Precise causal mechanisms remain to be elucidated. The ability to conduct detailed analyses using large numbers of case subjects highlights the importance of large-scale collaborations such as the INHANCE Consortium.
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